Context: The risks of primary hyperparathyroidism (pHPT) to pregnant women and their fetuses appear to increase commensurate with serum calcium levels. The management strategy for pHPT must be adapted in pregnancy and should reflect the severity of hypercalcemia. However, no guidelines exist to assist clinicians.
The routine or opportunistic laboratory estimation of serum calcium levels and wellestablished guidelines for the management of primary hyperparathyroidism (pHPT) provided by an international consensus panel [1] have resulted in the late stages of severe pHPT with crippling osteoporosis, fragility fractures, renal calculi, and neuropsychiatric symptoms being all but consigned to historical texts. However, the important sequelae of unrecognized and/or untreated severe pHPT in pregnancy remain. In addition to the effects of pHPT in the nonpregnant woman, one should add features exclusive to the pregnant state, such as preeclampsia (PET), miscarriage, intrauterine growth restriction, polyhydramnios, and neonatal hypercalcemic tetany. These sequelae raise the possibility of failure to diagnose or undertreatment of milder pHPT before conception. The complication rates of pHPT in pregnancy have been estimated at 68.7% in the mother [2] and 80% in the fetus [3] and are also likely to reflect the risk profile in moderate to severe disease.
The treatment of pHPT in pregnancy requires an awareness of the risks that attempts at treatment itself may present to the developing fetus: calcitonin has short-lasting effects, bisphosphonates cross the placenta and may harm the developing skeleton, and so are contraindicated; and the use of cinacalcet is described, but the long-term effects on the fetus or neonate are unknown. If surgery is contemplated, the selection of localization imaging must account for the risks of congenital malformation and development of malignancy posed by high doses of ionizing radiation, and there may be concern (now known to be unfounded [4] ) regarding the safety of general anesthesia in pregnancy. Clinicians faced with this uncommon condition therefore are tasked with performing a risk-benefit calculation: The biochemical severity of the pHPT and harmful effects of hypercalcemia and/or hyperparathormonemia to the fetus and mother, the patient's symptoms, gestation of the pregnancy, and previous obstetric history are set against the risks of medical and/or surgical treatment.
Multidisciplinary guidelines would assist endocrinologists, obstetricians, surgeons, and anesthetists in this difficult decision-making process and optimize treatment for both mother and child. The generation of such guidelines is complicated by the fact that most of the published literature on the topic comprises individual case reports and small series with a high chance of bias and low level of evidence. The aim of this study was to present a large series of pHPT in pregnancy, to compare the characteristics of pHPT in pregnancy with that in nonpregnant women of the same age range, and to explore the existing literature on the topic.
Methods
Data were drawn from a prospectively collected, departmental endocrine surgical database spanning 11 years (April 2007 through March 2018) at a tertiary referral teaching hospital at which .650 endocrine surgical procedures (i.e., thyroid, parathyroid and adrenal) are performed annually and from a review of the published scientific literature. Patients who had undergone parathyroidectomy for pHPT in pregnancy and a control group consisting of consecutive female patients matched for age range who also were treated for pHPT with parathyroidectomy were extracted from the database. The lower limit of the age range for the control group was capped at 17 years and the upper limit at 52 years to match that of the oldest pregnant patient.
The diagnosis of pHPT in pregnancy was made on the basis of elevated serum calcium levels in the presence of an inappropriately unsuppressed PTH and, in the control group, the addition of 24-hour calcium-to-creatinine clearance ratio for the exclusion of familial hypocalciuric hypercalcemia (FHH) [5] . The alteration in renal calcium handling in pregnancy renders urinary estimation less accurate and so genetic testing for the calcium-sensing receptor mutation was used, when required, to aid cases in which there was diagnostic doubt in pregnancy.
Medical notes were examined for demographic information; past obstetric and medical history; characteristics of the pHPT; mode of presentation; symptoms and sequelae; biochemical parameters; localization studies and details of the treatment; conservative measures; pharmacological agents; details of the surgery; histopathology; and the outcomes of both the surgery and pregnancy. Notes on the pregnant patients were compared with those on the control group.
Simple descriptive statistics were used and comparisons made using the x 2 test. These were calculated using SPSS, version 24.0 (IBM, Armonk, NY).
A review of pHPT in pregnancy was performed using the following search terms: "hyperparathyroidism" in conjunction with "pregnancy," "miscarriage," and "abortion" in PubMed, Embase, Scopus, Web of Science, and 'Google Scholar, spanning 20 years from 1998 to September 2018. Inclusion criteria were all papers reporting any case of pHPT in pregnancy and referring to their management and outcomes. Exclusion criteria were non-English language, treatment of pHPT not reported, and/or outcomes not reported. The primary outcome was miscarriage, spontaneous abortion, or stillbirth at any time in the pregnancy.
Results

A. Case Series
A-1. Demographics
Between April 2007 and March 2018, 1360 parathyroidectomies were performed in the department, 17 in women referred for surgery with pHPT in pregnancy and 247 (18%) for pHPT. The patients' median age was 44 (range, 17 to 52) years at the time of surgery. The demographics of the pregnant women are listed in Table 1 ; median age was 35 (range, 25 to 52) years. pHPT was diagnosed in 11 women during pregnancy; all were between 6 and 12 weeks of gestation. pHPT had been diagnosed in six before conception and they became pregnant before referral for treatment of the pHPT (patients 1, 2, 4, 7, 11, and 15).
The diagnosis was prompted by symptoms or pathology in nine women. These were: recurrent miscarriage (patient 2), severe headaches (patient 4), severe gestational hypertension (patient 5), known multiple endocrine neoplasia type 1 syndrome (patient 11), ureteric calculi (patient 13), and hyperemesis (patient 14, 16 and 17), and pHPT diagnosis was determined in one patient during workup for in vitro fertilization (IVF) (patient 15). A comparison of the characteristics of the pregnant and control groups is provided in Table 2 . The median serum calcium level was 2.89 (range, 2.56 to 3.3) mmol/L in pregnancy vs 2.78 (range, 2.35 to 3.54) mmol/L in the control group (P = 0.03). The median PTH level was 15.9 (range, 6.0 to 32.0) pmol/L vs 18.0 (range, 4.5 to 138) pmol/L (P = 0.40). Twenty-four hour urinary calcium estimation was performed in all control patients but in only five pregnant patients (median, 3.45 mmol/L; range, 1.96 to 4.6 mmol/L); results were interpreted with caution. FHH was excluded using genetic testing in one pregnant patient (patient 7).
A-2. pHPT management
All 17 pregnant patients were treated by a multidisciplinary team consisting of health care providers in obstetrics, obstetric medicine, endocrinology, endocrine surgery, and obstetric anesthesia. The plan, following the confirmation of diagnosis, was to control the hypercalcemia medically with hydration until the second trimester, at which point parathyroidectomy would be performed. The initial "bridging" phase of treatment comprised three components: control of hypercalcemia, fetal monitoring, and preparation for surgery. A lower tolerance of hypercalcemia and reduced threshold for admission to hospital for IV rehydration was adopted in pregnancy, with a failure to maintain serum calcium level ,3 mmol/L while taking oral hydration used as a trigger. Fetal well-being was monitored with serial obstetric ultrasounds and cardiotocographic monitoring as indicated. The indication for surgery in the control group was, per international consensus guidelines [1] , symptoms and/or age ,50 years. Treatment approaches for the pregnant and control group are listed in Table 2 . Preparation for surgery consisted of localization with ultrasound, which was successful in locating an adenoma in eight of the pregnant patients (47%) vs 84 (34%) of the nonpregnant cohort. Sestamibi scanning was not performed in any pregnant patient; however, all six patients in whom pHPT was diagnosed before pregnancy had already undergone sestamibi scanning, which was positive in two (33%) vs 104 (42%) of controls. Neither of these differences was statistically significant (P = 0.36 and 0.59, respectively).
All pregnant patients were successfully bridged to surgery except one (patient 4), who miscarried before the second trimester. Patient 13 declined surgery until after delivery of her baby. Therefore, 15 patients underwent parathyroidectomy during pregnancy, 14 during the second trimester and one (patient 8) early in the third trimester due to patient preference. Surgery was performed under general anesthesia by an anesthetist with expertise in obstetrics and neck endocrine surgery. The surgical approach was a bilateral exploration in 13 cases and targeted surgery in two (in whom sestamibi and ultrasound imaging were concordant). Neuromonitoring (Medtronic, Minneapolis, MN) was not used until 2011 (none of five cases), at which point it was used selectively until 2015 (two of six cases) and subsequently in all six cases. Intraoperative PTH measurement (Future Diagnostics BV, Wijchen, the Netherlands) was used when available (12 of 17 cases) using the Miami protocol [6] .
In the bilateral group, a single adenoma was removed from 11 patients, two glands in three, and 3.5 glands in one patient, with a median combined specimen weight of 1.35 g (range, 0.96 to 19.5 g); thus, the disease was judged to be multiglandular in four of 15 (27%) cases. The largest adenoma (19.38 g) was removed from patient 10 (33 years old) with pHPT diagnosed incidentally and with no family history of endocrine disease.
In the control group, the operative approach was bilateral exploration in 178 patients (72%) and targeted surgery in 69 (28%) with one gland removed in 197 (80%), two removed in 25(10%), three in 15 (6%), and 3.5 in 10 (4%); thus, multiglandular disease was found in 50 control patients (20%). Again, there was no statistical significance in this difference (P = 0.55). Patients aged ,50 years and not already known to have a genetic syndrome resulting in pHPT were referred for genetic testing postpartum, but no new diagnoses were made. Defined as failure to maintain serum calcium and PTH levels within normal limits during the 12 months postoperatively and recurrence as a normalization of biochemistry in the first 12 months, followed by elevated calcium or PTH levels thereafter.
A-3. Pregnancy outcomes
All patients had fetal cardiac monitoring performed by a member of the obstetric team preand postoperatively-once just before the induction of anesthesia and then in recovery or immediately on return to the ward. No fetal distress was recorded and no patient suffered a miscarriage as a result of receiving general anesthesia. Thereafter, 14 of the mothers who underwent surgery during pregnancy proceeded to uncomplicated deliveries of healthy babies and one (patient 3) had rupture of her membranes at 39 weeks and required an emergency cesarean delivery, resulting in a healthy baby. The patient who declined surgery (patient 13) had severe PET and delivered a baby with severe intrauterine growth restriction by emergency cesarean delivery. Parathyroidectomy was performed postpartum. Patient 4 underwent parathyroid surgery after her miscarriage.
A-4. pHPT outcomes
All pregnant patients were cured: the median corrected calcium level at 2 weeks postoperatively was 2.37 mmol/L and median PTH level was 2.8 pmol/L. There was no persistent disease (defined as a failure to maintain normal serum calcium and PTH levels in the 12 months postoperatively) and one recurrence (defined as pHPT after a minimum of 12 months of normal biochemistry): patient 2, who had undergone targeted surgery, presented after 5 years with biochemically mild recurrent pHPT and opted for reoperation 8 years later, at which time a second adenoma was removed. There was one case of bone hunger (patient 9) postoperatively, requiring large doses of oral calcium. This patient was discharged home after 48 hours and had no adverse consequences to her pregnancy. One patient's scar became hypertrophic (patient 10) but was treated conservatively. Most (96%) of the control group was cured, 4% having persistent hypercalcemia and one patient had a secondary hemorrhage, requiring return to the operating room (0.4%). There was no voice change or wound infection recorded in either group. Routine postoperative laryngoscopy was normal in those patients who did not refuse it. Figure 1 shows the search strategy used and outputs of the literature review. This produced 88 manuscripts reporting treatment and maternal and/or fetal outcomes: 3 registryderived case-control studies, 65 case reports, 17 case series, and 3 reviews, reporting 155 individual cases and 1233 cases from registries [7] .
Discussion
A. Diagnosis of pHPT in Pregnancy
pHPT is often considered asymptomatic in pregnancy; indeed, over half of cases in this series were diagnosed incidentally. However, the nonspecific and neurocognitive symptoms of pHPT (i.e., malaise, nausea, vomiting and fatigue), which may cause doctor visits and sick leave in the nonpregnant patient [8] , may go uninvestigated in pregnancy, because of their overlap with normal pregnancy symptoms.
In contrast, published case reports of pHPT in pregnancy describe dramatic presentations, including maternal mortality [9] , infant mortality [10] , severe pancreatitis [9, [11] [12] [13] , gestational hypertension [10, 11, [14] [15] [16] , polyhydramnios [17] and multiple reports of neonatal hypocalcemic tetany as the presenting feature of occult maternal pHPT [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , suggesting that the diagnosis of pHPT is being missed or delayed before conception. The diagnosis of mild disease in pregnancy is complicated by the alterations in maternal physiology, because pregnancy results in hemodilution, hypoalbuminemia, increased transplacental calcium transport, and increased glomerular filtration, leading to relative hypercalciuria and inhibition of PTH-mediated bone resorption [31, 32] . The cumulative effect when coupled with the calcium-lowering effects of estrogen is to reduce the total serum calcium level [10, 33] . The normal range for calcium in pregnancy, therefore, probably should have a reduced upper limit to avoid missing the diagnosis of pHPT. Furthermore the urinary calcium to creatinine clearance estimation in pregnancy is considered unreliable owing to the physiological relative hypercalciuria of pregnancy that potentially may mask benign FHH [34] .
B. Prevalence of pHPT in Women of Reproductive Age
Pregnant women with pHPT accounted for 1.25% of parathyroidectomies performed in this tertiary institution over 11 years, which is somewhat greater than the published rate of ,1% [10, [35] [36] [37] . The true prevalence of pHPT in pregnancy, however, is unknown because serum calcium is not measured in routine or even complicated pregnancies, nor in women who experience recurrent miscarriage [38] .
An estimate of pHPT in pregnancy may be extrapolated from the prevalence of pHPT in women of reproductive age. The most reliable data from three large cohort studies [39] [40] [41] are likely to be those derived from the biochemical data held by a large health maintenance company database in Israel of ;300,000 women aged 20 to 40 years. pHPT was diagnosed in one per 2000 women (0.05%) [41] . Probably the world's largest parathyroidectomy service has reported that 8% of their parathyroidectomies are in women 16 and 44 years old [35] , comparable to our cohort in which 10.5% are women in this age group. The greater prevalence in these surgical cohorts is most likely a reflection of an inherent referral bias rather than the true prevalence in the population at large. It is also probable that socioeconomic factors and the availability of IVF in the developed world have resulted in an increasing age at first pregnancy [42] : in the United States, the first-time pregnancy rate for women aged 35 to 39 years has increased ninefold between 1970 and 2012 [43] . It is envisaged that with the expansion of the definition of reproductive years, the incidence of pHPT in pregnant women will continue to increase. Indeed, the oldest patient with pHPT in the pregnant cohort of our series was a 52-year-old woman with triplets after IVF.
C. Risks to the Mother and Fetus From pHPT
The general risks of end-organ damage arising from pHPT, namely, bone demineralization causing osteopenia and osteoporosis, renal calcification, and long-term increased cardiac risk, are of considerable importance to this young patient group and, per international consensus guidelines, mandate definitive surgical treatment even in the asymptomatic woman [1] . pHPT was diagnosed in six of our cohort before they conceived, but they were not referred until their biochemistry worsened during pregnancy, indicating that this guidance is not universally followed.
The plethora of case reports on pHPT in pregnancy include several of the dramatic and negative outcomes of the disease, whereas those in the large cohort studies appear to be better. The 155 cases published as individual and series [7] reported three fetal deaths [37, 44, 45] , one maternal death from pancreatitis secondary to hypercalcemia 20 days postpartum, 11 other cases of maternal pancreatitis, nine hypertensive mothers, and nine with renal calculi; 29 had had previous miscarriages. There was polyhydramnios in six of the pregnancies. In nine cases, the presentation was an infant with hypocalcemic tetany.
By comparison, the Israeli data identified 124 pregnancies in 74 women affected by pHPT over 8 years (2005 to 2013) and found no difference in outcomes when comparing them with 431 women who had normocalcemic pregnancies [41] . However, the severity of hypercalcemia (mean calcium level, 2.67 mmol/L) and parathormonemia (mean PTH level, 4 pmol/L prepregnancy) was mild and significantly less than the biochemical severity in case series and reports [median calcium level, 3.1 (range, 2.02 to 4.85) mmol/L; median PTH level, 16.7 (range, 3 to 335) pmol/L] [7] , and in our own series (median calcium level, 2.89 mmol/L; median PTH level, 15.9 pmol/L).
Another cohort study of 1057 women with pHPT and 3171 age-matched control subjects without, did not show an elevated rate of miscarriage in women with pHPT [40] . However, no information on the degree of biochemical severity was available and 54.5% of women actually underwent surgery for pHPT during the study period, with a significant difference in the rate of stillbirths before the diagnosis of pHPT [nine of 576 (1.6%) vs one of 481 (0.2%); OR, 7.6; 95% CI, 1.3 to 44.2; P = 0.023]. This may be due to a selection bias, with patients with more severe disease being selected for surgery and also at elevated risk of miscarriage due to their hypercalcemia.
PET has been estimated to occur in 25% of pHPT pregnancies [46] or sixfold more frequently than in its absence [47] and, as well as being a cause of miscarriage, stillbirth, intrauterine growth restriction, and preterm labor, is now known to have a lifelong adverse effect on maternal cardiovascular health [48] [49] [50] . The relationship between treated pHPT and PET has been reported in Sweden, with an OR of 6.89 (95% CI, 2.30 to 20.58) for the risk of PET in pHPT even if treated 2 years before pregnancy [47] .
The difference in biochemical severity between the large cohort studies and the individually reported cases is likely to be at the root of the difference in outcomes reported and highlights the issues associated with the study of rare diseases such as this.
D. Medical Management
Strategies for controlling the patient's calcium level during pregnancy must depend, therefore, on the severity of hypercalcemia. Those with mild elevation (,0.25 mmol above the upper limit of normal) may be treated with oral hydration and weekly serum calcium measurement. Inability to control the calcium should prompt admission to hospital for IV rehydration. Bisphosphonates are commonly used outside of pregnancy but are contraindicated in pregnancy because they cross the placenta, with adverse consequences reported in animal studies [51] . Reports exist showing the safety of short-term use in pregnancy [52, 53] ; however, little is known of their long-term impact on the fetal skeleton and, therefore, their use should be avoided. Similarly, the calcium-sensing receptor agonist cinacalcet has been advocated to control extreme hypercalcemia in pregnancy [54] [55] [56] [57] . However, given that the calcium-sensing receptor mutation is located not only on the chief cell of the parathyroid gland but also in multiple other tissues (e.g., kidney, bone marrow and cortex, breast, thyroid C cells, the gastrointestinal tract, placenta, and some areas of the brain), it is quite possible that it may affect the fetal development of these systems, or inhibit transplacental calcium transport (given its presence there). These potential risks make its routine use difficult to approve until further data are available [58] . Calcitonin, which was administered to one patient in our study group before referral, promotes renal calcium excretion and is present in higher concentrations during pregnancy [32, 59] . It is not known to cross the placental barrier and, therefore, has been used in refractory hypercalcemia during pregnancy [60] . However, although no adverse outcomes are reported, the benefits are short lived and dubious.
E. Localization Studies
If surgery is contemplated for pHPT in the nonpregnant woman, it is typically preceded by localization studies in the form of ultrasound for anatomical identification of possible parathyroid adenomata and sestamibi scanning for functional information. Sestamibi scanning of the parathyroids has an 80% to 99% sensitivity for a single adenoma [61] and ultrasound has 75% to 95% sensitivity [62] . 99-Tm-sestamibi is known to cross the placenta [63] ; however, the total effective radiation dose of ;5 to 6 mGy is approximately the threshold quoted by The American College of Obstetrics and Gynecology of 5 mGy, which is "unlikely to cause fetal harm" [64, 65] . Reduced-dose sestamibi "may therefore be considered" during pregnancy [65] . The low sensitivity in this case series would suggest the yield is too low to justify potential fetal harm, especially given that ultrasound revealed an adenoma in 47% of cases, and moreover, that cure is not contingent on imaging, provided surgery is undertaken by someone with expertise in four-gland exploration. CT scanning with multiple contrast phases (e.g., 4DCT) results in an effective radiation dose approximately four times higher than sestamibi scanning and should therefore be avoided in pregnancy.
F. Known Diagnosis of pHPT in the Young Woman
Women who have a diagnosis of pHPT and are planning a family should be counseled about the difficulties that pHPT during pregnancy may present. Several of the patients in our series were in this category and surgery before a planned pregnancy would have been preferable. In patients with a genetic predisposition to pHPT, such as multiple endocrine neoplasia or jaw tumor syndrome, the patient and her partner should be provided genetic and endocrinological counseling to aid family planning, given the knowledge that hypercalcemia may become harder to manage in pregnancy.
G. Risks of Parathyroid Surgery in Pregnancy
As illustrated by the outcomes of the control group in this study (i.e., cure rate of 96%, one secondary hemorrhage, no mortality, and no injury to the recurrent laryngeal nerve), parathyroidectomy in a high-volume institution should have very minimal attendant risks. Pregnant women undergoing anesthesia for nonobstetric surgery account for ;1% to 2% of all anesthetic use, the most common indications being acute appendicitis, cholecystitis, trauma, and malignancy [4, 66] . The miscarriage rate after surgery performed under general anesthesia is reported as 5.8% overall and is highest in the first trimester, at 10.5% [66] . However, this is in the context of a background miscarriage rate of 15% in all known pregnancies, [67] and 5% in the second trimester [68] . A large study of English national hospital data, generated originally for costing purposes, reported that 47,628 pregnant women had an operation for a nonobstetric cause over a 10-year period, with 3060 operations classified as "ear, nose and throat" (including thyroid and parathyroidectomy) [4] . The number needed to harm was 356 to precipitate one stillbirth and 63 for one preterm delivery.
Review of all the published case reports and registry studies over 20 years showed that pHPT was managed with surgery during pregnancy in 45% (n = 69) of cases, involving concurrent cesarean delivery in four. In none of these cases did the surgery result in an adverse fetal or maternal outcome, or preterm delivery. This is likely to reflect the differing nature of neck surgery in a relatively well patient as set against that of abdominal surgery in a woman with sepsis.
In conclusion, women diagnosed with pHPT outside of pregnancy who are planning to conceive should be advised to undergo surgery before conception, because the management of pHPT in pregnancy is more complex. During pregnancy, pHPT should be investigated in those with compatible symptoms and allied pathologies (i.e., recurrent miscarriage, hypertension, PET, hyperemesis gravidarum). The risks of pHPT to the mother and fetus increase with biochemical severity: mild elevations in serum calcium (,0.25 mmol/L or ,1 mg/dL above the upper limit of normal) may be managed conservatively during pregnancy with definitive surgical treatment recommended postpartum. However, in patients with moderate to severe hypercalcemia or symptoms, the risks of living with pHPT outweigh that of treatment. The benefits of surgery are the avoidance of potentially harmful medication and the definitive treatment of harmful hypercalcemia. The prevalence of multigland disease, absence of morbidity associated with four-gland exploration, and cure rate in this case series show that ionizing radiation and imaging other than ultrasound may be avoided and that surgical intervention in the form of bilateral exploration under general anesthesia in a high-volume multidisciplinary center should be the gold standard of care. pHPT in pregnancy currently lacks a multidisciplinary treatment consensus. Although it is an unusual problem, given the potential consequences to mother and fetus and the involvement of multiple medical specialties, the formation of guidelines is likely to assist clinicians in their decision-making and benefit patients.
